The three major structural proteins of vesicular stomatitis virus, M (mol. wt. 29ooo), N (mol. wt. 50000) and G (tool. wt. 69ooo ) are synthesized at nonequimolar rates. The possibility of translational control of VSV protein synthesis by examining the size distributions of polysomes involved in the synthesis of these three proteins has been tested. The strategy was to label the nascent peptide chains in vivo with radioactive amino acids and to analyse separately membranebound polysomes, involved predominantly in synthesis of the G protein, and soluble polysomes, involved predominantly in the synthesis of the M and N proteins. Analysis by sucrose gradient centrifugation indicated that the G protein was synthesized on membrane-bound polysomes having a mean size of 8 ribosomes per polysome. The M and N proteins were synthesized on soluble polysomes having a mean size of 5 ribosomes per polysome. Both membrane-bound and soluble polysomes had a maximal size of approximately I5 ribosomes per polysome. The distribution of M and N nascent chains within the soluble polysome gradient was determined by tryptic peptide analysis. The M nascent chains were found to be associated predominantly with the smaller polysomes. Thus, the data indicate that the average size of the polysomes involved in the synthesis of the M, N and G proteins reflects the mol. wt. of these proteins. This suggests that the relative rates of synthesis of the M, N and G proteins are not the outcome of controls at the translational level.
INTRODUCTION
Mature particles of vesicular stomatitis virus (VSV) contain three major structural proteins. The N protein (mol. wt. 5oooo) is associated with the virus nucleocapsid. The M and G proteins (29000 and 69000 mol. wt. respectively) are components of the lipoprotein envelope (Wagner et aL I969, 1972) .
The relative rates of synthesis of these three proteins in the infected cell correspond to their frequencies in the virus particle (Mudd & Summers, I97oa; Wagner et al. I97o; Kang & Prevec, I970 . There are fewer copies per virion of the G protein than of the M and N proteins and it is synthesized at a correspondingly lower rate. We have previously reported evidence indicating that the mechanism responsible for the differential rates of VSV protein synthesis does not operate at the translational level (David, I976) . This .conclusion was based primarily on the inability of inhibitors of polypeptide chain elongation to affect the relative rates of virus protein synthesis. In fact, comparison of the relative rates of synthesis of the VSV proteins with the intracellular concentrations of virus I50
A.E. DAVID messenger RNA species suggest that control of virus protein synthesis may occur entirely at the transcriptional level (Villarreal et al. 1976) . The control of VSV protein synthesis has been analysed by investigating the size distributions of polysomes involved in the synthesis of the M, N and G proteins. In the absence of translational controls, there should be a direct correspondence between messenger RNA size and average polysome size. Our results indicate that the size distributions of polysomes involved in the synthesis of the M, N and G proteins are proportional to the sizes of their messenger RNAs. This supports the earlier conclusion that VSV protein synthesis is not controUed at the level of initiation of translation (David, I976) .
METHODS

Cells.
Monolayer cultures of U cells, an established line of human amniotic ceils, were propagated in Eagle's minimal essential medium (MEM) containing 5% heat-inactivated calf serum. Media and sera were obtained from Grand Island Biological (Grand Island, N.Y.) .
Virus. Vesicular stomatitis virus (VSV, Indiana serotype) stocks were prepared by inoculating exponentially growing U cell monolayer cultures in 32 oz roller bottles with virus aspirated from a single VSV plaque [about lO 4 plaque-forming units (p.f.u.)]. Virus was harvested I8 h later. Titres of I to 5 x lO 9 p.f.u./ml were routinely obtained. Sedimentation analysis showed these stocks to be free of T particles.
Preparation of polysomes. Exponentially growing cultures of U cells in 12 oz Blake bottles were infected with VSV at a multiplicity of 2o p.f.u./cell. Virus was allowed to adsorb to the cells for 60 min. The inoculum was then removed, and the monolayers were rinsed and incubated for 4 h in MEM containing 5% calf serum. In experiments involving pre-labeUing with ~H-adenosine, the isotope (sp. act. 50/zCi/mmol; New England Nuclear) was added to a final concentration of o.I/zCi/ml. At 4 h post-infection (p.i.), the medium was removed and the monolayers were rinsed throughly with warm phosphate-buffered saline (PBS). Isotope was added in 5"0 ml of warm PBS. zsS-methionine (sp. act. > IOO Ci/ mmol; New England Nuclear, Boston, Mass.) was added to a final concentration of IOO/zCi/ml. Incorporation of isotope was stopped after a 3o s incubation period by plunging the Blake bottles into an ice-water slurry. All of these operations were carried out in a 37 °C constant-temperature room. In all subsequent steps the cells and cell extracts were kept at ice-bath temperature. The chilled monolayers were scraped into 5 ml of ice-cold PBS. The cells were pelleted by centrifugotion at 2ooo rev/min for 5 min in an International PR-J centrifuge. The cells were resuspended in 2 ml of cold reticulocyte standard buffer (RSB), allowed to stand for 5 min, and then broken using a Dounce homogenizer. Cell breakage was monitored by phase contrast microscopy. Nuclei were deposited by centrifugation at 2ooo rev/min for 2 min. The postnuclear supernatant was layered over a x5 to 30% sucrose/RSB gradient and centrifuged at 2oooo g for 3o min using a Beckman SW 41 rotor. The supernatant, designated the 'soluble cytoplasm', was removed with a syringe. The pellet was washed twice by resuspending it in 5 ml of cold RSB and centrifuging at 12 ooo rev/min using a Sorvall swinging bucket rotor. The washed pellet, designated the 'cytoplasmic membrane' fraction, was resuspended in 2 ml of cold RSB containing o'5~o NP4o.
The cytoplasmic supernatant and membrane fractions were layered over 7 to 47% (w/w) sucrose/RSB gradients and centrifuged at 13 ooo rev/min for 16 h using a Beckman SW 27. I rotor in a Beckman L2-65B ultracentrifuge, Following centrifugation, fractions of seven drops each were collected from the bottom of the gradient. Trichloroacetic acid-insoluble radioactivity was determined in a 20/zl sample of each fraction. 
Size of VSV-specific polysomes
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In some experiments, cytoplasmic extracts were prepared by adding NP4o to the cell suspension in RSB to a final concentration of o'5%. The nuclei were removed by centrifugation and the cytoplasmic extract was analysed by sucrose gradient centrifugation.
The foregoing procedures were based on methods outlined by Penman 0969).
Analysis of tryptie peptides. Polypeptide material to be analysed was derived either from polyacrylamide gels or sucrose gradients. The gel slices were eluted with distilled water containing o'5% sodium dodecyl sulphate (SDS). Appropriate gel or gradient fractions were pooled, and 2.o mg of cytochrome e (Calbiochem) was added as carrier. Samples were precipitated once with cold Io% trichloroacetic acid and twice with cold acetone. The final pellet was resuspended in 2 ml of I% ammonium bicarbonate, and TPCKtreated trypsin (Worthington) was added to a final concentration of IOO #g/ml. The sample was incubated at 37 °C for 4 h and then lyophilized and resuspended in IOO #1 of I% ammonium bicarbonate. 3sS-methionine-labelled tryptic peptides were analysed by high voltage paper electrophoresis using a buffer of 7% formic acid. Samples were spotted on Whatman 3MM electrophoresis paper and electrophoresed at zooo V for 9o min. The papers were then dried and cut into o'5 cm strips for liquid scintillation counting.
RESULTS
Validity of sedimentation analysis for determining polysome size
The conclusions presented in this paper are based mainly on sedimentation analysis of polysome size distributions. The experiment described in this section indicates that the polysome sizes determined by sedimentation analysis reflect true intracellular polysome sizes. It is assumed that if nascent peptide chains are labelled in vivo with a radioactive amino acid and then subjected to 'chase' conditions, smaller polysomes should be depleted of their radioactivity before larger polysomes. The larger polysomes should retain radioactive nascent chains until later in the chase period. We find that polysomes which are identified as large by isotope retention are also found to be large by sedimentation analysis.
Cultures of uninfected U cells were pulse-labelled with 35S-methionine and then incubated with excess non-radioactive methionine. Cytoplasmic extracts were prepared at the end of the pulse and at 9o s and 18o s after the addition of cold methionine. Polysomes were analysed by sucrose gradient centrifugation. Fig. ~ shows that as the chase period proceeded, nascent chains associated with the more rapidly sedimenting polysomes made a greater contribution to the polysome radioactivity profile. Immediately following the pulse, radioactivity was distributed in polysomes having a mean size of I2 ribosomes per polysome. By 9o s after the addition of cold methionine, this mean had increased to I6 ribosomes and by 18o s to 21 ribosomes. Radioactivity in the polysome region was reduced to background level upon further incubation. It was not possible to perform this type of experiment on infected cells because of incorporation of completed polypeptide chains into virus nucleocapsids which sediment with the smaller polysomes.
The scale indicating the number of ribosomes per polysome was constructed by assuming that the sedimentation rate of a polysome is linearly related to the logarithm of its ribosome number (Petersen & McLaughlin, 1973) . The sedimentation rate of single ribosomes was determined directly. A value of I2 ribosomes per polysome was assigned as the average for uninfected U cell polysomes. This assignment was based on analogy to HeLa ceils where the mean polysome size has been determined to be I2 ribosomes per polysome by electron microscopy (Rich et al. I963) . Distribution of radioactive nascent chains on polysomes during pulse-chase. Four U-cell cultures in 74 ml flasks were incubated for 3o s with 35S-methionine. Non-radioactive methionine was then added to a final concentration of 5"o raM. One culture was immediately plunged into an ice-water slurry and the other three were incubated for 90 s, I8O s and 5 rain. Cytoplasmic extracts were prepared using NP4o, as described in Methods, and polysome size distributions were determined by sucrose gradient centrifugation. Arrows to curves indicate means of radioactivity distributions. ~--~, Pulse label curve; O---Q, 90 s chase; O--O 18o s chase.
Size distribution of VSV-specific polysomes during the infectious cycle
VSV is able to rapidly pre-empt the host cell translational machinery. In U cells infected at a multiplicity of zo p.f.u./cell, host protein synthesis is maximally inhibited and replaced by virus protein synthesis by 3"5 h p.i. (David, I976, I977) . Production of progeny virus begins at this time. The overall rate of protein synthesis in infected cells remains constant, at a rate comparable to that in uninfected cells, until 8 or 9 h p.i. VSV protein synthesis has been found to follow similar kinetics in a number of other cell-virus systems (Mudd & Summers, I97oa; Wagner et al. I97o; Kang & Prevec, I970. We have examined the size distributions of polysomes isolated from infected cells at 4, 5 and 6 h p.i. U-cell cultures were incubated with 14C-adenosine or 3H-adenosine for r8 h before infection in order to label ribosomes. A cytoplasmic extract was prepared from the 14C-adenosine-labelled culture at 4 h p.i. and from the 3H-adenosine-labelled cultures at 5 and 6 h p.i. Samples of the 4 h extract were mixed with the 5 and 6 h extracts and analysed by sucrose-gradient centrifugation (Fig. 2) . We found that the polysome size distributions were similar at all three time points and that the ratio of polysomal ribosomes to single ribosomes remained constant. The invariance in polysome size was confirmed by analysis of polysomes labelled with 3o s pulses of 35S-methionine (Fig. 3) . All of the radioactive peptides were polysome associated as shown by their sensitivity to puromycin.
The VSV-specific polysomes appear to have a mean size of 5 to 6 ribosomes per polysome in contrast to a value of I2 ribosomes for uninfected U cells. The relatively small size of VSV-specific polysomes has been noted previously (Huang et al. I97o) . Isolation of intact messenger RNA molecules from the virus polysomes indicates that their small size is not due to nucleolytic degradation (Huang et al. I97o; Mudd & Summers, I97ob; A. E. David, unpublished data) .
Size distributions of VSV-speeific soluble and membrane-bound polysomes
Individual VSV messenger RNAs are specifically localized on soluble or membrane-bound polysomes. The messenger RNA coding for the G protein is found exclusively on membranebound polysomes. The messenger RNAs coding for the M, NS and N proteins are found predominantly on soluble polysomes (Both et al. I975; Grubman et al. I975; Morrison & Lodish, 1975) . Tryptic peptide analysis of nascent chains associated with membrane-bound polysomes indicated that these polysomes were involved predominantly in the synthesis of the G protein (David, I977) . The soluble polysomes were found to be involved predominantly in the synthesis of the M and N proteins.
Sedimentation analyses of soluble and membrane-bound polysomes are shown in Fig. 4 . A U-cell culture was pre-labelled for I8 h with 3H-adenosine and then, at 4 h p.i., pulselabelled with 35S-methionine. Cytoplasmic extracts were prepared and soluble and membrane-bound fractions were analysed by sucrose gradient centrifugation. The 35S/3H ratio should reflect the average length of nascent peptide chain synthesized during the pulse period. This ratio should therefore be an index of the rate of ribosome movement on soluble and membrane-bound polysomes. Table I . Radioactive nascent chains were associated with membrane-bound polysomes having a mean size of 8 ribosomes per polysome. Nascent peptides were associated with soluble polysomes having a mean size of 5 ribosomes per polysome. The maximal size for both classes of polysomes was approx. I5 ribosomes per polysome. The membrane-bound fraction appeared to be enriched in larger polysomes. Twenty-one per cent of the radioactive nascent chains were associated with membranebound polysomes greater than I2 ribosomes per polysome while 26% were associated with polysomes smaller than 5 ribosomes per polysome. This distribution was reversed in the case of the soluble polysomes. Only 5% of the nascent chains were associated with soluble polysomes greater than I2 ribosomes while 56% were associated with polysomes smaller than 5 ribosomes. The ratios of 35S-methionine-labelled nascent peptides to ZH-adenosinelabelled ribosomes were similar for the two classes of polysomes, indicating similar rates of peptide chain elongation. This agrees with our previous finding that the ribosome transit times for the M and G proteins are proportional to their molecular weights (David, I976) .
A similar difference in size distributions between soluble and membrane-bound polysomes A U-cell culture, which had been pre-labelled for I8 h with all-adenosine (o'I/zCi/ml), was infected with VSV at a multiplicity of 2o p.f.u./cell. At 4 h p.i. the medium was removed, the monolayer rinsed thoroughly with phosphate-buffered saline (PBS) and the culture pulse-labelled for 30 s with 85S-methionine (zo/zCi/ml in PBS). Incorporation of isotope was stopped by plunging the culture bottle into an ice-water slurry. A cytoplasmic extract was prepared, divided into membrane-bound and soluble fractions, and polysomes were analysed by sucrose gradient centrifugation as described in methods. O----O, 3sS-methionine; O---©, ~H-adenosine.
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was found when all-amino acids were used to label the nascent chains (Fig. 5) . It is apparent that while the maximal sizes of the soluble and membrane-bound polysomes are similar, the soluble fraction is enriched in polysomes of fewer than 5 ribosomes.
We have found that glutaraldehyde-fixed samples of soluble and membrane-bound polysomes both show a buoyant density of P55 g/ml when banded in caesium chloride gradients. This was true for polysomes labelled by incorporation of isotope into either ribosomes or nascent peptide chains. Identical buoyant densities for soluble and membrane- A U-cell culture was infected with VSV at a multiplicity of 2o p.f.u./cell. At 4 h p.i., the medium was removed, the monolayer rinsed thoroughly with PBS and the culture pulse-labelled for 3o s with 3H-amino acids (50/~Ci/ml in PBS). Incorporation of isotope was stopped by plunging the culture bottle into an ice-water slurry. A cytoplasmic extract was prepared, divided into soluble and membrane-bound fractions, and polysomes were analysed on separate sucrose gradients. The gradients were aligned by using 35S-methionine-labelled nucleocapsids to mark the x2oS position in each gradient (arrows).
bound polysomes have been reported previously (Mechler & Vassalli, I975) . Thus, differences in sedimentation rate between soluble and membrane-bound polysomes are apparently not due to gross differences in their physical properties.
Size distributions of polysomes involved in the synthesis of the M and N proteins
Nascent peptides associated with soluble VSV-specific polysomes are predominantly precursors of the M and N proteins (David, I977) polysomes of different sizes. This method relied on the separation of two of the M-specific tryptic peptides, M7 and M8, from the bulk of the N-specific tryptic peptides (Fig. 6 ). under the N peptide material and do not give rise to discrete peaks. In the 3-ribosome fraction it is possible to discern M-specific peaks beginning to appear among the N peptides. Thus, it would appear that the sizes of the polysomes involved in the syntheses of the M and N proteins correspond to the molecular weights of these proteins which are 29 ooo and 5oooo respectively.
DISCUSSION
The three major structural proteins of vesicular stomatitis virus (VSV) are synthesized in infected cells at non-equimolar rates which correspond to their frequencies in the virus particle. The G protein is synthesized at half the rate of the M and N proteins (Mudd & Summers, I97oa; Wagner et aL 197o; Kang & Prevec, 1971; David, I976) . We obtained information concerning the mechanism regulating the relative rates of synthesis of these proteins by studying the size distributions of polysomes involved in the synthesis of each protein. Our approach was to analyse, by sucrose gradient centrifugation, membranebound polysomes involved predominantly in the synthesis of the G protein, and soluble polysomes involved predominantly in the synthesis of the M and N proteins. The distribution of M and N polysomes was determined by tryptic peptide analysis of nascent chains. We conclude that the G protein is synthesized on polysomes having a mean size of 8 ribosomes per polysome and a maximal size of 15 ribosomes. The N polypeptide is synthesized on polysomes of similar size, while the M polypeptide is synthesized on polysomes of considerably smaller size. The polypeptide portion of the G protein has a tool. wt. of 63oo0 while the M and N proteins are 50o0o and 29000, respectively (Wagner et al. 1972 ) . Thus the size distributions of the polysomes involved in the synthesis of those three proteins parallel their molecular weights. One would expect polysome size to be a direct function of messenger RNA size and rate of ribosome attachment and an inverse function of the rate of ribosome movement. We show above that the rates of ribosome movement are similar 
